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(54) Magnetic field shimming 

(57) Apparatus for and a method for shimming main 
magnetic field in a magnetic resonance imaging appa- 
ratus is provided. A radio frequency pulse sequence 
(200) is generated while a subject is in an examination 
region (14) of the magnetic resonance imaging appara- 
tus. A reference signal (EC1) which is immune to shim 
errors is then acquired. Thereafter, a field echo (EC3a) 
signal is acquired which is sensitive to shim errors. The 
field echo (EC3a) signal is acquired at a timed interval 



(T) equal to a multiple of an amount of time it takes for 
fat and water signals to become in phase. The temporal 
position of the maximum of the field echo signal is com- 
pared to its predicted temporal position (EC3) relative 
to the reference signal (EC1). The shim term is calcu- 
lated based on the preceding comparison and an elec- 
trical current is applied to one ol a gradient offset and a 
shim coil such that the main magnetic field is adjusted 
according to the shim term. 
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Description 

[0001] The present invention relates to the field of 
magnetic resonance. It finds particular application in 
conjunction with medical diagnostic magnetic reso- 
nance imaging and will be described with particular ref- 
erence thereto. However, it is to be appreciated that the 
present invention also finds application in magnetic res- 
onance spectroscopy, magnetic resonance imaging for 
other applications, and generally those applications 
where homogeneous magnetic fields are desirable. 
[0002] Generally, nuclear magnetic resonance (NMR) 
and magnetic resonance imaging (MRI) techniques em- 
ploy a spatially uniform and temporally constant main 
magnetic field, B 0 , generated through an examination 
region. Superimposed on the B 0 magnetic field is a 
radio frequency (RF) magnetic field at the NMR reso- 
nant frequency. For MRI applications, there is also a set 
of gradient magnetic fields used to spatially encode res- 
onant spins. Some MRI techniques are highly sensitive 
to magnetic field homogeneity. However, the geometric 
shape and/or magnetic susceptibility of a subject being 
scanned, built-in main magnet tolerances, environmen- 
tal and/or site effects, and the like contribute to the main 
magnetic field's inhomogeneity and/or non -uniformity. In 
turn, this leads to imaging problems. 
[0003] Methods for controlling the homogeneity of the 
main magnetic field include both passive and active 
shimming techniques. The passive technique is typified 
by arranging shim steel to minimize static magnetic field 
inhomogeneities based upon NMR field plot measure- 
ments. The NMR field plot measurements are per- 
formed without a subject in the examination region. 
Generally, the shim steel technique is not adjustable on 
a scan-by-scan basis. It is mainly used to shim out the 
effects of built-in magnet tolerances and environmental 
or site effects. This technique is not suited to handle in- 
homogeneities within the main magnetic caused by sub- 
ject geometry and/or susceptibility. 
[0004] Active shimming generally employs multiple 
orthogonal shim coils and/or gradient coil offsets. An 
electrical current is applied to the shim coils and/or gra- 
dient coil offsets in order to cancel inhomogeneities in 
the main magnetic field. In some cases, initial optimal 
shim currents are applied to the shim coils to initially es- 
tablish uniform magnetic fields using the same type of 
NMR field plot measurements described above with ref- 
erence to the passive technique. Commonly first order 
and occasionally second or third order corrections are 
implemented to compensate for non-uniformities in the 
main magnetic field. Furthermore, the shimming can be 
adjusted from scan-to-scan and/or subject-to-subject to 
adjust for inhomogeneities caused by the susceptibility 
and/or geometric shape of a subject being imaged. In 
general, there are a number of methods and/or tech- 
niques of active shimming aimed at homogenizing the 
main magnetic field in an MRI system. These tech- 
niques and methods can broadly be grouped as follows: 



signal maximization methods, phase-fitting algorithms, 
field mapping techniques, peak location/time methods, 
chemical shift imaging methods, measurement of dis- 
tortion of known objects, and various qualitative meth- 
5 ods to view field homogeneity which do not compute 
shim term corrections. 

[0005] In one particular prior art reference, U.S. Pat- 
ent No. 5,359,289 to van der Meulen, a peak location/ 
time method is proposed. The method measures the 

10 time location of the peak of the magnetic resonance sig- 
nal (in one example, a gradient echo and in another, a 
spin echo) and compares the measured time location of 
the peak against a theoretically predicted time location 
to produce a linear shim term correction. However, var- 

is bus subtle timing delays may exist in the gradient and/ 
or other system components which are independent of 
the sampling system. It is assumed that such delays or 
errors are negligibly small. This may not necessarily be 
the case, and when such errors are not negligibly small, 

20 the shim technique based strictly on timing measure- 
ments results in inaccurate shimming. 
[0006] In another particular reference, U.S. Patent 
No. 5,391,990 to Schmitt, et al., shimming is accom- 
plished via the use of an echo planar sequence having 

25 a sinusoidal readout with the phase encode lobes disa- 
bled. The algorithm observes the even versus odd echo 
timing throughout a number of echoes ol data acquisi- 
tion and determines a best fit shim value which aligns 
the echoes. However, a high band width is required to 

30 sample the data, and the accuracy of the peak position- 
ing algorithm may be compromised by the presence of 
noise. Additionally, with such data, the echo positions 
do not necessarily progress in a linear fashion or higher 
order drift, but rather may tend to wobble temporally 

35 The gradient amplifier duty cycle, and the like may in- 
duce this temporal wobble in the signal. Furthermore, 
the reference fails to account for miscellaneous timing 
delays between various gradient axes which can also 
cause the peaks to not co-register correctly in oblique 

40 scans. 

[0007] The present invention contemplates a new 
shim sequence for use in the magnetic resonance ap- 
plications. 

[0008] In accordance with an aspect of the present in- 
45 vention, a method of shimming a main magnetic field in 
a magnetic resonance imaging apparatus is provided. 
The method includes generating a radio frequency 
pulse sequence while a subject is in an examination re- 
gion of the magnetic resonance imaging apparatus. A 
50 reference signal which is immune to shim error is then 
acquired. Thereafter, a field echo signal is acquired 
which is sensitive to shim errors at a time interval equal 
to a multiple of an amount of time it takes for fat and 
water signals to become in phase. The temporal position 
55 of a maximum of the field echo signal is compared to its 
predicted temporal position relative to the reference sig- 
nal. Based on the previous comparison, a shim term is 
calculated. Finally, an electrical current is applied to one 
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of a gradient offset and a shim coil such that the main 
magnetic field is adjusted according to the shim term. 
[0009] In accordance with another aspect of the 
present invention, a magnetic shimming system that 
compensates for the distortions to the main magnetic 
field in a magnetic resonance imaging apparatus is pro- 
vided. The magnetic resonance imaging apparatus in- 
cludes a couch which supports a subject being exam- 
ined within an examination region, a main magnet that 
generates through the examination region a temporally 
constant main magnetic field having distortions, a mag- 
netic field gradient generator having gradient coils and 
connected gradient amplifiers which supply electrical 
current pulses to the gradient coils to create substan- 
tially linear magnetic gradients in the main magnetic 
field, a radio frequency transmission system having an 
RF coil and connected transmitter for generating a radio 
frequency pulse sequence which excites magnetic res- 
onance in magnetic dipoles of the subject, a radio fre- 
quency receplion system having an RF coil and con- 
nected receiver for receiving magnetic resonance sig- 
nals from excited magnetic dipoles as they relax, and a 
signal processor for processing received magnetic res- 
onance signals into a human readable form. The mag- 
netic shimming system includes a sequence control cir- 
cuit which manipulates the magnetic gradient generator, 
to induce a shimming series of gradient lobes along a 
read out axis, and the radio frequency transmission sys- 
tem, to induce a shimming series of radio frequency 
pulses, such that a shimming magnetic resonance sig- 
nal is produced by excited magnetic dipoles as they re- 
lax. The shimming magnetic resonance signal received 
by the reception system has a plurality of echos includ- 
ing at least a first echo immune to the distortions to the 
main magnetic field, and a second echo sensitized to 
the distortions to the main magnetic field. The second 
echo is received at a time interval after the first echo 
equal to a multiple of an amount of time it takes for fat 
and water signals to become in-phase. A shim term gen- 
erator calculates a shim term based on a temporal po- 
sition of a maximum of the second echo as compared 
to its predicted temporal position relative to a temporal 
position of a maximum of the first echo. A shimming 
mechanism carries an electrical current such that the 
distortions to the main magnetic field are compensated 
for according to the shim term. 

[0010] Ways of carrying out the invention will now be 
described in detail, by way of example, with reference 
to the accompanying drawings, in which: 

FIGURE 1 is a diagrammatic illustration of a mag- 
netic resonance imaging apparatus in accordance 
with the present invention; 

FIGURE 2 is a flow chart illustrating a magnetic 
shimming sequence in accordance with the present 
invention; and 



FIGURE 3 is an illustration of a pulse sequence for 
generating and acquiring magnetic resonance sig- 
nals used to calculate shim terms for a magnetic 
shimming sequence in accordance with the present 
5 invention. 

[0011] With reference to FIGURE 1 , a main magnetic 
field control 10 controls superconducting or resistive 
magnets 12 such that a substantially uniform, temporal- 
ly constant main magnetic field is created along a z axis 
through an examination region 14. A couch (not illustrat- 
ed) suspends a subject to be examined within the ex- 
amination region 14. A magnetic resonance echo 
means applies a series of radio frequency (RF) and 
magnetic field gradient pulses to invert or excite mag- 
netic spins, induce magnetic resonance, retocus mag- 
netic resonance, manipulate magnetic resonance, spa- 
tially and otherwise encode the magnetic resonance, to 
saturate spins, and the like to generate magnetic reso- 
nance imaging and spectroscopy sequences. More spe- 
cifically, gradient pulse amplifiers 20 apply current puls- 
es to selected ones or pairs of gradient coil assemblies 
22 to create magnetic field gradients along x, y, and z 
axes of the examination region 14. A digital radio fre- 
quency transmitter 24 transmits radio frequency pulses 
or pulse packets to a whole-body RF coil 26 to transmit 
RF pulses into the examination region. A typical radio 
frequency pulse is composed of a packet of immediately 
contiguous pulse segments of short duration, which tak- 
en together with each other and any applied gradients, 
achieve a selected magnetic resonance manipulation. 
For whole-body applications, the resonance signals are 
commonly picked up by the whole-body RF coil 26. 
[0012] For generating images of local regions of the 
subject, specialized radio frequency coils are placed 
contiguous to the selected region. For example, an in- 
sertable RF coil may be inserted surrounding a selected 
region at the isocentre of the bore. The insertable RF 
coil is used to excite magnetic resonance and receive 
magnetic resonance signals emitting from the patient in 
the region being examined. Alternatively, the insertable 
RF coil can be used to only receive resonance signals 
introduced by the whole-body RF coil 26. In any event, 
the resultant radio frequencies signals are picked up by 
the whole-body RF coil 26, the insertable RF coil, or oth- 
er specialized RF coil and demodulated by a receiver 
30, preferably a digital receiver. 

[0013] A sequence control circuit 40 controls the gra- 
dient pulse amplifiers 20 and the transmitter 24 to gen- 
erate any of a plurality of multiple echo sequences such 
as echo planar imaging, echo volume imaging, gradient 
and spin echo imaging, fast spin echo imaging, and the 
like. For the selected sequence, the receiver 30 receives 
a plurality of data lines in rapid succession following 
each RF excitation pulse. Ultimately, the radio frequen- 
cy signals are received, demodulated, and reconstruct- 
ed into an image representation by a reconstruction 
processor 50 which applies a two-dimensional Fourier 
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transform or other appropriate reconstruction algorithm. 
The image may represent a planar slice through the pa- 
tient, an array of parallel planar slices, a three-dimen- 
sional volume, or the like. The image is then stored in 
an image memory 52 where it may be accessed by a 
display, such as a video monitor 54 which provides a 
human readable display of the resultant image. 
[0014] While the invention herein is described with 
reference to the MRI apparatus detailed above, it is ap- 
preciated that the invention is applicable to other MRI 
apparatus. For example, the invention is equally ame- 
nable to open geometry magnets wherein opposing pole 
pieces, joined by a ferrous flux return path, define an 
examination region therebetween. 
[0015] Ideally the main magnetic field is uniform 
throughout an imaging volume. However, in practical 
application non-uniformities and/or inhomogeneities 
are present in the main magnetic field which are dele- 
terious to the reconstructed images. Generally, passive 
shimming techniques employing shim steel, shim trays, 
and the like are employed to correct those inhomoge- 
neities and/or non-uniformities resulting from built-in 
magnet tolerances and environmental or site effects. 
However, such passive shimming techniques are not 
suited to correcting magnetic field inhomogeneities 
such as those resulting from the geometric shape and/ 
or magnetic susceptibility of a subject placed in the ex- 
amination region 14. This being the case, the following 
active shimming technique is provided for the correction 
of such magnetic field inhomogeneities. It is to be ap- 
preciated, however, that the following is also applicable 
to those inhomogeneities and/or non-uniformities creat- 
ed by built-in magnet tolerances and/or environmental 
effects as well. 

[0016] With reference to FIGURE 2, prior to running 
the MRI experiment or imaging scan, the illustrated 
shimming sequence 60 is run by the sequence control 
40 as part of the MRI apparatus initialization procedure 
while the subject is present in the examination region 
14. The main magnetic field may be shimmed to correct 
for inhomogeneities by applying DC gradient offsets to 
the gradient coils 22 via gradient amplifiers 20 or alter- 
nately by applying electrical current to dedicated shim 
coils (not illustrated) analogous to the gradient coils 22. 
[0017] The shim sequence 60 starts by setting the 
shim terms to the last available value computed or to 
some other predetermined system default 62. Next, a 
signal (detailed later herein) is generated 64. A query 
66 is then made to ensure that a suitable signal has been 
received. If no signal has been received, an error mes- 
sage is printed 68 and the sequence terminated 70. If a 
signal has indeed been received, it is next checked to 
ensure that the signal has not been clipped 72. If the 
signal has been clipped and a maximum attenuation 74 
for the system has been achieved, an error message is 
generated 76 and the sequence terminated 78. Howev- 
er, if the system has not achieved a maximum attenua- 
tion 74, the attenuation is incremented 80 and the signal 



regenerated 64. After the signal has been checked for 
clipping, a signal-to-noise ratio inquiry 82 is initiated. If 
the signal-to-noise ratio does not reach a predetermined 
minimum, an error message is generated 84 and the se- 
5 quence is terminated 86. If the predetermined signal-to- 
noise ratio requirement is achieved, the shimming se- 
quence continues. 

[0018] At this time, a counter is incremented 88. The 
counter ensures that the shimming sequence 60 will not 

10 continue indefinitely if the desired tolerance is not met. 
That is to say, if the counter exceeds a predefined 
number n 90 indicating an excess of repetitions, then 
the shim term is estimated by taking an average 92 of 
a number (n-x) of the preceding repetitions. When this 

15 estimating procedure is employed, a printed warning is 
displayed 94 to indicate that the desired tolerance has 
not been achieved, and the new shim values being ap- 
plied are estimated. The estimated values are then in- 
deed applied 96, and the sequence is completed 98. 

20 [0019] Following the incrementing ot the counter 88, 
a temporal shift of a peak of the measured signal relative 
to its predicted location is determined and the accom- 
panying shim term is computed 100. Next, it is deter- 
mined whether or not the peak falls within a predeter- 

25 mined tolerance 1 02. If it does and the flag has not been 
set 104, then the result is deemed suitable 106 and the 
acquisition 64 is repeated after setting the flag 108. The 
flag query 104 is employed to ensure that two consec- 
utive repetitions result in suitable in tolerance shimming 

30 prior to completing 98 the overall shim sequence 60. Af- 
ter the flag has been set 108, indicating an in tolerance 
result 106, on the second consecutive acquisition 64, if 
the peak is again in tolerance, the flag query 104 is pos- 
itive so that the flag and counter are reset 110 for future 

35 sequence runs and the sequence 60 is completed 98. 
If the peak does not fall within the predetermined toler- 
ance, the flag is cleared 1 1 2 and the state of the counter 
is queried 90. If the counter has not exceeded the pre- 
determined number n of repetitions, then the new shim 

40 values are applied 114 and the signal reacquired 64. 
However, as stated earlier, if the counter has exceeded 
the acceptable number n of repetitions, the estimating 
procedure 92-98 is utilized. 

[0020] In one preferred embodiment of the present in- 
45 vention, the shimming sequence is applied along the 
three mutually orthogonal axes x, y, and z. In one em- 
bodiment, the shimming sequence 60 is applied itera- 
lively along each successive axis until that axis is within 
tolerance before moving to the next axis. In an alterna- 
te tive embodiment, each iteration cycle applies the shim- 
ming sequence 60 to each axis in turn. For example, the 
shimming sequence could be applied along the x axis, 
then along the y axis, and then along the z axis for the 
first iteration and then reapplied to the x, y, and z axes 
55 each in turn for the second iteration, etc., until the mag- 
netic field along each axis is within tolerance as a whole. 
With this latter approach, the main magnetic field is 
shimmed in such a manner that coupling between shim 



4 



EP 094951 2A2 J > 



r 



7 

terms is accounted for. That is to say. changes to shim 
terms on other axes that result from changes to the shim 
term on a given axis are compensated for by succes- 
sively applying the shim sequence 60 to each axis per 
iteration cycle. Furthermore, it is to be appreciated that 
while the three primary orthogonal projections is a min- 
imum number of projects desired to shim the main mag- 
netic field, the active shimming technique employed 
herein is not limited to these three projections. In fact, 
any number of projections as may be desirable for a giv- 
en application may be employed. 
[0021] With reference to FIGURE 3, the pulse se- 
quences illustrated depict the manner in which the sig- 
nals are generated and acquired or collected. The radio 
frequency pulse sequence 200 is transmitted into the 
examination region via radio frequency coil 26 and 
transmitter 24. In a preferred embodiment, the RF pulse 
sequence 200 includes three consecutive RF pulses 
having 90 degree flip angles: RF1, RF2 and RF3, re- 
spectively. Alternately, radio frequency pulses RF2 and 
RF3 have 180 degree flip angles. The gradient pulse 
sequence 210 having a number of gradient lobes is ap- 
plied to the gradient coil assembly 22 by the gradient 
amplifiers 20 in the readout direction along the axis be- 
ing shimmed. Gradient pulse sequences 212 and 214 
serve slice selection and phase encoding functions, re- 
spectively. Volume localization is achieved by applying 
the RF pulses with each of the gradient axes used in 
turn. For the illustrated sequence, RF pulses, RF1-RF3 
are applied under gradient lobes G1-G3, respectively. 
When the axial component of the main magnetic field 
B 0 is substantially uniform along the axis being 
shimmed, the echo sequence or signal 220 is received 
by the receiver 30 via the radio frequency coil 26. The 
signal 220 includes three echoes: EC1, EC2, and EC3, 
respectively. EC1, readout under gradient lobe G4, is a 
reference signal which is immune to shim errors. On the 
other hand : EC3, readout under gradient lobe G5, rep- 
resents a field echo which is sensitive to shim errors. 
More specifically, EC1 occurs at a time interval t2 fol- 
lowing the last radio frequency pulse RF3. Furthermore, 
time interval t2 is equal to the time interval t1 existing 
between the first and second RF pulses, RF1 and RF2, 
respectively. The 90 degree radio frequency pulses RF2 
and RF3 act in concert as if a 180 degree refocusing 
pulse. Therefore, the stimulated echo EC1 is generated 
at a time such that the pair of 90 degree radio frequency 
pulses RF2 and RF3 are centrally located between RF1 
and EC1. That is to say that before the refocusing se- 
quence RF2, RF3, the dipole moments are dephased 
for a given amount of time and after the refocusing se- 
quence RF2, RF3 flips the dipole moments, they are 
rephased in the same length of time. This is illustrated 
by the fact that the gradient area to the left and right of 
the refocusing sequence RF2, RF3 between RF1 and 
EC1 is the same. Next, consider a constant field inho- 
mogeneity in the direction of the readout axis or along 
the shimming direction. This condition can be depicted 



8 

as a gradient offset 216 illustrated by the dashed line. 
However, the gradient areas under the dashed line 216 
to the left and right of the refocusing sequence RF2, RF3 
between RF1 and EC1 remains equal. Hence, the ref- 
5 erence signal EC1 is immune from at least linear shim 
errors. 

[0022] Turning now to the field echo signal EC3, this 
echo is sensitive to shim errors. The field echo signal 
EC3 is employed rather than EC2 so that the field echo 
signal is read out under the same polarity gradient lobe 
as the reference signal EC1. In this manner, possible 
differences between positive and negative gradient 
lobes are discounted. Furthermore, the sensitized sig- 
nal EC3 is collected at the fat/water in-phase time inter- 
val T. That is, the time T is equal to a multiple of the 
amount of time it takes for fat and water signals to be- 
come in phase and is a lunction of the magnetic field 
strength. By collecting the data at this specified interval, 
the constructive and destructive interference of the fat 
and water components present in the signal which 
cause a modulation of the signal's amplitude and can 
introduce errors into the shim correction values is avoid- 
ed. In a main magnetic field B 0 having a substantially 
uniform axial component along the shim direction- the 
field echo EC3 appears at a time relative to the refer- 
ence signal EC1 such that the time integral becomes 
zero over the entire effective gradient therebetween. 
That is to say that the amount of dephasing and rephas- 
ing is equal after the reference signal EC1. However, a 
linear field inhomogeneity depicted by the gradient off- 
set illustrated by the dash line 216 causes the peak of 
the field echo EC3 to be shifted to a position EC3a rel- 
atively closer to the reference signal EC1 . The peak shift 
results in order to keep the time integral over the entire 
effective gradient between the sensitized field echo and 
the reference signal EC1 equal to zero. That is to say, 
the peak occurs at the position from the reference signal 
EC1 where an equal amount of dephasing and rephas- 
ing has occurred. In this manner, the amount of shift of 
the sensitized field echo EC3a represents the measure 
of the linear field inhomogeneity in the direction of the 
readout gradient or along the shimmed axis. Further- 
more, by measuring the time interval relative to the ref- 
erence signal EC1, any inherent or subtle timing delays 
in the gradient or other system components which are 
independent of the sampling system are accounted for. 
Therefore, knowing the shift, a DC gradient offset may 
be applied to the gradient coils 26 via gradient amplifier 
20 to shift the peak back to its initial location. Alternately, 
an electrical current may be applied to dedicated shim 
coils which are analogous to the gradient coils 22. 
[0023] At relatively lower field strengths, the time in- 
terval T becomes relatively larger and the shimming se- 
quence becomes more sensitive to smaller errors. In an 
extreme case, if the shim error is large, the sensitivity 
can reach a point where the received signal is nearly 
lost. Hence, for particular applications and/or under cer- 
tain circumstances, the sensitized echo may be collect- 
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ed at a time interval shorter than the fat/water in-phase 
time interval. For example, the first few iterations of the 
shimming sequence may be performed while collecting 
the sensitized echo at a time interval other than the fat/ 
water in-phase in time interval T. As the number of iter- 
ations increases and the correct shim term is zeroed in 
on, the last couple iterations or, alternatively, the final 
iteration, conducted for fine tuning will collect the sensi- 
tized echo at the fat/water in-phase time interval T. 
[0024] Generally, the sequence is designed such that 
the two data acquisitions are produced from a common 
excitation signal. This helps reduce sensitivity to motion 
because the faster the signal is collected, the less 
chance there is that motion will corrupt the data. Addi- 
tionally, the data is collected as quickly as possible, with 
the minimum of gradient area and gradient activity so 
that: there is little time for motion between data collec- 
tions, the amount of signal dephasing due to motion in 
the presence of a gradient is reduced, and induced eddy 
currents are kept to a minimum. Furthermore, as de- 
scribed earlier herein, the shimming sequence is itera- 
tive to account for possible system non linearities and 
provide a mechanism to catch potential shim errors due 
to patient motion. 

[0025] While the shim sequence herein has been de- 
scribed with reference to linear shim terms, it is appre- 
ciated that the method may be adapted to compute high- 
er order shim terms as well. Furthermore, a correlation 
of peaks may also provide goodness of fit information 
which describes how well the method computes the lin- 
ear shim terms. Additionally, it should be noted that the 
method is applicable to both automatic and/or manual 
operation. 

[0026] While the method has been illustrated employ- 
ing a simulated echo as the reference signal, a spin echo 
or other echo immune or nearly immune from shim er- 
rors may be employed as the reference signal. For some 
applications, it may be advantageous to collect the data 
in two separate acquisitions where the second data ac- 
quisition is identical to the first but with appropriate time 
shifts in the data window so that appropriate sensitiza- 
tion is achieved. The excited volume can be slab or vol- 
ume based. Optionally, the positions of the radio fre- 
quency pulses can be adjusted to compensate for am- 
plitude signal losses due to changes in data window time 
position. However, changing the radio frequency pulse 
may preserve or change subtle system behaviours (for 
example, eddy currents) and as such might introduce or 
remove certain shim errors. 

[0027] The technique may also employ various com- 
binations of gradient polarity on any of the three axes to 
account for and/or quantitate various subtle system per- 
formance characteristics such as gradient nonlinearities 
and eddy currents. The technique could also apply 
spectral analysis to determine the frequencies of the 
various spectral components (i.e., water and fat) and in- 
corporate that information during the shimming process 
to ensure that changes in frequency in the volume or 



slab of interest do not cause the position of the volume 
or slab to move. 

[0028] Often the impact of improperly set shims dur- 
ing the shimming process is a loss in the sensitized sig- 

5 nal. Therefore, as an independent measure of success, 
the shimming process optionally maximizes the sensi- 
tized signal. Furthermore, while the sequence diagram 
suggests the use of three identical radio frequency puls- 
es set to a 90 degree tip angle, the sequence is not lim- 

10 ited to that sequence of pulses or those tip angles. Any 
sequence that would generate a reference signal im- 
mune from shim errors and a shim sensitized field echo 
is sufficient. Optionally, the shimming sequence is com- 
bined with preset or magnetization preparation pulses 

is for a range of applications, such as fat suppression and 
the like. 

[0029] One advantage of the two peak alignment 
method of field shimming described resides in its ability 
to quickly and robustly shim the main magnetic field of 

20 a magnetic resonance imaging system. Another advan- 
tage is that it accounts for imperfect timing relationships 
between various subsystem hardware components and 
reduces shim errors resulting therefrom. Another ad- 
vantage is that it employs a limited number of high sig- 

2S nal-to-noise ratio signals. Another advantage is that the 
high quality reference signal and sensitized signals 
used reduce any fat/water phase modulation which may 
introduce shim errors. Another advantage is that like po- 
larity gradients are employed to read out the collected 

30 signals thereby reducing further unknown timing errors 
which may be introduced as a result of different gradient 
lobes not behaving identically. 



35 Claims 

1. A method of shimming a main magnetic field in a 
magnetic resonance imaging apparatus compris- 
ing: 

40 

(a) generating a radio frequency pulse se- 
quence while a subject is in an examination re- 
gion of the magnetic resonance imaging appa- 
ratus; 

45 (b) acquiring a reference signal which is im- 

mune to shim errors; 

(c) acquiring a field echo signal which is sensi- 
tive to shim errors at a time interval equal to a 
multiple of an amount of time it takes for fat and 

so water signals to become in-phase; 

(d) comparing a temporal position of a maxi- 
mum of the field echo signal to its predicted 
temporal position relative to the reference sig- 
nal; 

55 (e) calculating a shim term based on the com- 

parison of step (d); 

(f) applying an electrical current to one of a gra- 
dient offset and a shim coil such that the main 
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magnetic field is adjusted according to the shim 
term. 

2. A method as claimed in claim 1 , wherein the step 
of generating includes generating at least first, sec- 
ond, and third radio frequency pulses, the first radio 
frequency pulse being a 90 degree pulse. 

3. A method as claimed in claim 2, wherein the second 
and third radio frequency pulses are 90 degree 
pulses. 

4. A method as claimed in claim 2, wherein the second 
and third radio frequency pulses are 180 degree 
pulses. 

5. A method as claimed in any one of claims 1 to 4, 
wherein the resulting reference signal and the re- 
sulting field echo signal are read out with gradient 
polarities that are the same. 

6. System for shimming a main magnetic field in a 
magnetic resonance imaging apparatus compris- 
ing: means (40) for generating a radio frequency 
pulse sequence while a subject is in an examination 
region (14) of the magnetic resonance imaging ap- 
paratus; means (26, 30) for acquiring a reference 
signal which is immune to shim errors and a field 
echo signal which is sensitive to shim errors at a 
time interval equal to a multiple of an amount of time 
it takes for fat and water signals to become in- 
phase; means for comparing a temporal position of 
a maximum of the field echo signal to its predicted 
temporal position relative to the reference signal; 
means for calculating a shim term based on the 
comparison; and means for applying an electrical 
current to one of a gradient offset and a shim coil 
such that the main magnetic field is adjusted ac- 
cording to the shim term. 

7. A magnetic shimming system for compensating for 
the distortions to the main magnetic field in a mag- 
netic resonance imaging apparatus, the shimming 
system comprising: a sequence control circuit (40) 
which manipulates a magnetic gradient generator, 
to induce a shimming series of gradient lobes 
(G1-5) along a read out axis, and a radio frequency 
transmission system, to induce a shimming series 
of radio frequency pulses (RF1-3), such that a shim- 
ming magnetic resonance signal is produced by ex- 
cited magnetic dipoles as they relax, the shimming 
magnetic resonance signal received by the recep- 
tion system having a plurality of echos including at 
least: a first echo (EC1) immune to the distortions 
to the main magnetic field; and a second echo 
(EC3) sensitized to the distortions to the main mag- 
netic field, which is received at a time interval (T) 
after the first echo equal to a multiple of an amount 



12 

of time it takes for fat and water signals to become 
in-phase; a shim term generator that calculates a 
shim term based on a temporal position of a maxi- 
mum of the second echo (EC3) as compared to its 
5 predicted temporal position relative to a temporal 
position of a maximum of the first echo (EC1); and 
a shimming mechanism that carries an electrical 
current such that the distortions to the main mag- 
netic field are compensated for according to the 
10 shim term. 

8. A magnetic shimming system as claimed in claim 6 
or claim 7, wherein the shimming series of radio fre- 
quency pulses (RF1-3) includes at least first, sec- 

1S ond, and third radio frequency pulses (RF1-3), the 
first radio frequency pulse (RF1 ) having a 90 degree 
flip angle. 

9. A magnetic resonance shimming system as 
20 claimed in claim 8, wherein the second and third ra- 
dio frequency pulses (RF2, RF3) both have one of 
a 90 degree flip angle and a 180 degree flip angle. 

10. A magnetic resonance shimming system as 
2s claimed in any one of claims 6 to 9, wherein the first 

and second echos (EC1, EC3) are received by the 
reception system under gradient lobes (G4, G5) 
having the same polarity. 

30 11. A magnetic resonance shimming system as 
claimed in any one of claims 6 to 10, wherein: the 
first echo (EC1) is one of a stimulated echo and a 
spin echo; and the second echo (EC3) is a field 
echo. 

35 

12. Magnetic resonance imaging apparatus including a 
couch which supports a subject being examined 
within an examination region (14), a main magnet 
(12) that generates through the examination region 
40 (1 4) a temporally constant main magnetic field hav- 
ing distortions, a magnetic field gradient generator 
having gradient coils (22) and connected gradient 
amplifiers (20) which supply electrical current puls- 
es to the gradient coils (22) to create substantially 
45 linear magnetic gradients in the main magnetic 
field, a radio frequency transmission system having 
an RF coil (26) and connected transmitter (24) for 
generating a radio frequency pulse sequence which 
excites magnetic resonance in magnetic dipoles of 
so the subject, a radio frequency reception system 
having an RF coil (26) and connected receiver (30) 
for receiving magnetic resonance signals from ex- 
cited magnetic dipoles as they relax, and a signal 
processor for processing received magnetic reso- 
55 nance signals into a human readable form, and a 
magnetic shimming system for compensating for 
the distortions to the main magnetic field as claimed 
in any one of claims 6 to 11 . 
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